A computational investigation has been carried out on the effects of sweep and twist in stationary linear cascades. Circular arc sweep has been applied to the datum cascade of straight cylindrical blades, i.e. spanwise constant stacking line curvature was prescribed. Positive sweep was applied near the endwalls, and the sweep angle distribution was symmetrical to the midspan plane. The straight and the arc-swept blades were studied at low, near-design, and high incidence angles of the straight blading. Twisted versions of the straight and the arcswept blades were studied for spanwise constant inlet flow angle. The studies demonstrated the benefits of circular arc sweep for both untwisted and twisted blade rows, such as local loss reduction and uniformisation of cascade outlet axial velocity profile. Blade twist was found favourable from the aspect of endwall separation zone reduction.
Introduction
In order to study fluid mechanical phenomena in decelerating cascades of axial flow turbomachinery, investigation on stationary linear cascades (SLC) instead of realistic annular stator and rotor blade rows appears as a widely accepted modelling simplification, e.g. [1] . This simplification is widespread in the survey of effects of blade sweep [2] [3] [4] . An axial flow turbomachinery blade is considered herein to be swept, when each blade section of a datum blade of stacking line normal to the endwall is displaced parallel to the chord in a prescribed manner. Blade sweep offers a potential for improvement of turbomachinery stage performance and efficiency, increase of pressure peak, shift of stall margin towards lower flow rate [5, 6] , reduction of shock losses [7] , and noise reduction [8] .
All of the studies reported on SLC with sweep are confined to blades with spanwise constant stagger angle, corresponding to a spanwise nearly constant incidence angle. Nevertheless, the incidence angle often varies along the blade span. This may be due to off-design operation or due to the simplifications in blade design and manufacturing (e.g. industrial axial fans of spanwise constant stagger angle).
The above yield that blade sweep and spanwise changing incidence often characterize the axial flow blade rows simultaneously. This paper aims at satisfying the need of studying sweep, spanwise changing incidence, and their combination in SLC, by means of computational fluid dynamics (CFD). A sweeping style called circular arc sweep has been applied to non-twisted and twisted datum blade rows, and the cascades were investigated over a wide incidence range.
Definition of case study cascades
The cascades of present case study have blades of the controlled diffusion profile described in [3] . The blades are bounded by endwalls with no clearance. The straight (unswept, untwisted) cylindrical datum blading is the one denoted as STR in the previous reference. A sketch of the coordinate system and the characteristic angles are presented in Fig. 1 . the blade chord and the kinematic viscosity of air at 20˚C. The flow is considered incompressible, on the basis of the inlet Mach number computed for air at 20˚C. The STR blading has been tested for inlet flow angles α 1 = 27 deg (termed herein as "low" incidence), 36 deg (the near-design incidence of STR), and 45 deg (termed herein as "high" incidence). These operating states are denoted as STR27, STR36 and STR45, respectively. Various views of the case study blades discussed herein, together with the related coordinate frames, are illustrated in Fig. 2 . Sweep has been applied to the straight datum blading, retaining spanwise constant stagger. Since the presence of stacking line blend points leads to local uploading of the blade [3, 9] and this may result in increased losses [10] , the authors intended to avoid any stacking line blend points along the entire span in the design of the case study blades. Since a blend point represents spanwise changing curvature of the stacking line, spanwise constant stacking line curvature was demanded for the swept blades. Prescribing sweep angles at the endwalls, this condition results in a circular arc-shaped stacking line. The resultant "arc-swept" blading is denoted herein as ASW. Similar sweeping style, although confined to the leading edge (LE), has been applied to the stator blades in [11] . The sickle-shaped blades of the "G-fan" in [8] and of the automotive cooling fan in [12] also have an appearance similar to that of the "arc-swept" blades. They appear to be free from characteristic blend points, even though the stacking line curvature varies slightly along the span.
The following definitions are applied, based on [13] . Sweep is said to be positive near the endwall when a blade section under consideration is upstream of the adjacent inboard section. Dihedral is said to be positive or negative when the endwall makes an obtuse or an acute angle with the suction side (SS), respectively. The blading with positive sweep of 30 deg angle (measured from the line normal to the endwall) was found to be successful in reduction of endwall losses by [3] , and the present CFD method was also validated experimentally for this blading. Therefore, a positive sweep of 30 deg angle was prescribed at both endwalls for ASW, although this sweep configuration is not necessarily considered as the most favourable one.
The ASW blade row was tested for inlet flow angles applied for STR, i.e. ASW27, ASW36, and ASW45 cases were studied.
By changing the stagger angle along the span of the straight datum blading (by rotating the blade section profiles around the profile thickness halving point at mid-chord), a twisted, unswept case study cascade, denoted as TWD, has been generated. The original stagger angle was retained at the endwall being closer to the x − y plane (see Fig. 2 ), and spanwise linearly changing twist was applied toward the other endwall, reducing the stagger linearly along the z axis, with maximum twist angle of 18 deg. For the TWD tests, α 1 = 27 deg inlet flow angle was set. This resulted in incidence corresponding to 27 deg inlet flow angle at one endwall (of original stagger), 36 deg inlet flow angle at midspan, and 45 deg inlet flow angle at the other endwall. Therefore, the behaviour of flow at the endwalls and at midspan of the twisted blading is comparable with the STR and ASW tests of the corresponding inlet flow angles. By sweeping TWD with spanwise sweep angle distribution identical with that of ASW, a twisted-swept blading, denoted herein as TWS, has been generated. TWS was tested for the same inflow condition as applied to TWD. 
CFD Technique and validation
The applied CFD technique and validation has been documented in [14] and in [15] , so only a brief account is given here. As e.g. in [16] and [17] , the present paper is based on computational case studies carried out with use of the commercially available finite-volume CFD code FLUENT (Version 6.1, 2003).
The turbulence model elaborated by Spalart and Allmaras [18] has been used, being accepted in advanced design systems of turbomachinery with swept blades [19, 20] also involved FLUENT computations utilising the Spalart-Allmaras model in studies of axial flow cascades, at a fixed representative blade Reynolds number of 200.000, being in the same order of magnitude with the Reynolds number valid for the studies presented herein (see Table 1 ). The authors are currently working on introduction of a transition model for future investigation of sweep and lean effects on a general platform. For the particular cases discussed herein, as measurements by Sanger and Shreeve [21] and also computations by the authors indicate, the investigated blade profile shows characteristic LE laminar separation even at lower incidences, probably due to the cylindrical LE. This results in separation induced transition already near the point where the LE contour of circular arc blends into the suction surface. Therefore, the applied turbulence model was considered adequate for the studies reported herein. The following inflow turbulence conditions were set: inlet turbulence intensity of 0.03, length scale of 0.12 S. The modified turbulent viscosity ratio, the transported variable of the SpalartAllmaras model, was computed as the product of (3/2) 0.5 times the mean velocity, the turbulence intensity and the length scale.
The computational domain includes one blade passage (repeating itself periodically in order to compose an infinite blade row), with one blade located in the middle of the pitch (blade spacing). Utilising the features of the cascade configuration, boundary condition of periodicity has been applied. A zero diffusion flux condition has been used for all flow variables at the cascade outlet.
In a multi-step development process, a two-dimensional (2D) grid was first elaborated. The 2D computational domain of one blade passage, including the blade at mid-pitch, extends 1 chord upstream and 2 chords downstream of the blade, bounded by axial planes termed herein as "inlet" and "outlet" planes, respectively.
The 2D grid consists of approx. 16 .000 quadrilateral cells. The expansion ratio, i.e. ratio of length of wall normal edges of neighbouring cells in the near-blade region has been set in a range of 1.12 to 1.15. The thickness of the cell layer closest to the blade surface is in the range of 4·10 −5 to 7·10 −5 c. The grid structure, grid sensitivity tests, cell skewness, aspect ratio, and wall y + values are reported in Rábai and Vad (2005) [14] , and indicate an appropriate grid quality, according to the recommendations by Casey and Wintergerste [22] .
For the STR and ASW bladings, and also for SWF [3] used in experimental validation, the three-dimensional (3D) grid structures were derived by extruding the 2D one along the stacking lines. 80 nodes have been used in the spanwise direction, resulting in a total number of approx. 1.200.000 cells. The spanwise constant expansion ratio is approx. 1.2, resulting in a symmetrically refined grid near the endwall boundaries. The spanwise extension of cells closest to the endwalls and at midspan is 5.5·10 −5 S and 0.087 S, respectively. The STR and ASW grid structures were twisted and re-arranged for the TWD and TWS case studies, respectively.
Since Gbadebo et al. [1] found that the grid structure in the spanwise direction has the most influence on the 3D CFD computation of linear cascades, the 3D grid dependence studies focussed on the variation of grid along the span. It has been concluded in [15] that CFD resolution of aerodynamic properties related to the non-swept and swept blades and established on the basis of precise measurements is not masked by grid dependence.
The experimental data available in [21] and [3] on the same type of controlled diffusion blading offered a basis for experimental validation. The validation procedure is documented in [14] and [15] , therefore only the most relevant conclusions are reported herein. Two cascades of experimental validation, denoted as STR (straight) and SWF (swept-forward), for which detailed measurement data were available in [3] , were modelled with use of the reported CFD methodology. C L and C D were computed using the experimental as well as CFD data. The computations resolved both C L and C D near the endwalls within the range of experimental uncertainty (± 1.0 percent and ± 4.0 percent, respectively). The effects of varying incidence angle on static pressure distribution were studied by CFD and were compared with the measurement data in [21] . It has been concluded, Furthermore, the maximum lift-to-loss ratio was indicated by the measurements at the near-design inlet flow angle of 36 deg, and this value has also been properly represented by the computations.
Results and discussion
Based on the experimental validation, only the CFD-predicted trends exceeding the uncertainty of the experimental data used in the validation were considered as significant trends to be discussed herein. Only the most representative results are reported. In each case of non-dimensionalisation, v 1 denotes the velocity at the inlet at midspan.
Tendencies along the span
The local total pressure loss coefficient has been introduced:
where p t1 is the total pressure at the inlet at midspan and p t is the local total pressure. Traditional lift and drag coefficients are used even nowadays for characterisation of blade aerodynamics ( [10, 13, 23] ). In a decelerating stationary cascade, the local drag and lift coefficients are related to the cascade losses and static pressure recovery, as can be pointed out on the basis of appropriate modification of discussion in [24] . In order to study the blade load, local lift coefficient data were calculated along the span. The lift coefficient of an elemental blade section of spanwise extension dS is defined as follows:
where dF L is the elemental lift force acting on the blade section. As explained in [10] , the lift force can be approached as the force normal to the chord for moderate angles of attack. Furthermore, based on [13] , the normal force has been estimated as the difference of the mean static pressures between the PS and SS of the blade. The local static pressure coefficient has been introduced in the following manner:
Where p is the local static pressure and p 1 is the static pressure at the inlet at midspan. Accepting here the approximation of v ∞ ≈ v 1 , the local C L has been calculated as the difference between the area-average of C p distributions over the PS and SS. This methodology for calculation of C L has already been accepted in [15] . Fig. 3 presents the spanwise distribution of lift coefficient, pitch-averaged total pressure loss coefficient and dimensionless pitch-averaged axial velocity for the unswept cases.
The presented loss and axial velocity data are related to 98% chord. For the swept cases, relative discrepancy of the investigated parameters has been introduced:
where X represents the investigated parameter and the subscripts "swept" and "non-swept" regard the swept (ASW, TWS) and non-swept (STR, TWD) cases, respectively. Fig. 3 shows that higher incidence results in higher C L values in all cases. The variation of lift due to spanwise changing incidence of the twisted blading can also be observed. The lift on the high incidence region of the twisted blading is significantly higher than any of the non-twisted blades. This phenomenon will be explained later.
Positive sweep usually tends to unload the blade near the endwall (e.g. [13] ). This trend was observed, although moderately, in the case of the untwisted blading at 27 deg inlet flow angle and for the twisted blading near the low-incidence endwall (reduced C L ). The situation is just the opposite for the straight blading at 36 and 45 deg inlet flow angles and for the twisted blading near the high-incidence endwall.
It can be seen in Fig. 3 , especially for STR45 -ASW45, that the blade load is reduced in the near-midspan region due to sweep. The reduced blade load away from the endwalls of the arc-swept blades is attributed to the following: i) No stacking line blend points are present. By this means, the effect pointed out by [3, 9, 10] , i.e. increased blade loading where the sweep blends into the straight section, has been eliminated. ii) The arc-swept blade sections away from the endwall still have considerable sweep. Disregarding endwall effects, sweep tends to lessen the lift [25] . The near-midspan reduction of lift due to sweep appears in measurements on bladings even of low aspect ratio [24] . Fig. 3 shows the effects of arc-sweep also on pitch-averaged total pressure loss coefficients. Sweep resulted in reduced losses for all cases at the region of approx. 10% to 90% span in all cases. The greatest loss reduction appears at the region of 10% to 30% span on both sides for all swept blades except TWS. Investigation of the limiting streamlines [1] on the blades (not presented herein) showed the suppression of the stall zone in the SS -endwall corner due to sweep, which explains the local loss reduction seen in Fig. 3 . This effect of sweep is in accordance with the general view in the literature [11, 13] . Furthermore, the reduction of the stall zone "liberates" the blade locally at 36 and 45 deg incidences, thus higher endwall performance (lift) is achieved as seen in Fig. 3 .
The comparison of lift and loss data near the endwall of STR45 and at the high-incidence end of TWD (having incidence equal to that of STR45), denoted as TWD45, is as follows. At the "near-endwall" spanwise position, C L ST R45 = 0.504 and C L T W D45 = 0.620, andω ST R45 = 0.23 andω T W D45 = 0.265 were computed, thus higher load resulted in higher losses. As Fig. 3 suggests, further gain of lift can be achieved for the highincidence end of TWD if sweep is introduced: C L T W DS = 0.629 at the high-incidence blade end at the "near-endwall" location.
Sweep effects on pitch-averaged axial velocity distribution in Fig. 3 show that at near-endwalls sweep increases the axial velocity ("liberating" effect), whereas it is reduced at midspan. This results in a more uniform velocity distribution, which is favourable in multistage turbomachinery.
Flow details
In each studied case, near-endwall positive sweep was found to reduce the suction peak as well as unload and upload the near-LE and near-TE blade sections, respectively, resulting in a moderate adverse pressure gradient on the SS. For example, Fig. 4 presents the comparative C p diagrams for the untwisted blades at 27 deg inlet flow angle. Since the phenomena due to sweep are less visible in the C p distributions, the dimensionless chordwise distribution of chordwise SS static pressure gradient G has been introduced and also presented in Fig. 4 :
As Fig. 4 suggests, positive sweep results in the reduction of the suction peak (at points G = 0) and in its shift toward the TE at low incidence. By unloading and uploading the near-LE and TE regions, respectively, positive sweep causes in general a reduction of the adverse pressure gradient (G > 0) over a considerable portion of the chord, even including the near-LE zone at high incidence. The moderation of the adverse pressure gradient, due to positive sweep, detains the flow separation on the SS. This allows Figure 3. Spanwise distribution of C L , loss, axial velocity and discrepancies   Figure 4 . C p and G near the endwall Fig. 4 . C p and G near the endwall for a more intense depression on the SS, leading to improved lift near the endwall for ASW36, ASW45, and the high incidence end of TWS, as observed in Fig. 3 . Fig. 5 presents the comparative diagram of surface static pressure distributions and chordwise static pressure gradients for these cases. It is observed that due to twist, the blade load is reduced at the LE and is increased toward the TE. As a result, the adverse pressure gradient (G > 0) is reduced up to 50 percent chord. These observations must be explained.
Based on a number of authors [3] , [26] , [13] , [4] , it is stated that positive dihedral (or "lean") causes the unloading of the nearendwall blade sections generally over the full passage. Just the opposite can be expected for negative dihedral. Due to the twist, the high-incidence end of TWD (TWD45) realises a combination of positive and negative dihedral along the chord: near the LE, the suction surface makes an obtuse angle with the endwall (positive "local dihedral"), whereas the angle between the suction surface and the endwall is acute near the TE (negative "local dihedral"). The positive and negative local dihedrals cause the unloading and uploading of the near-LE and near-TE blade sections, respectively. The result is a chordwise more uniform blade load distribution with a reduced adverse pressure gradient. Fig. 6 showing the limiting streamlines on the endwalls of STR45, ASW45 and TWD45 demonstrates the benefits of the above. The streamline pattern for TWS45, not presented herein, is very similar to that for TWD45. The separation zones near the TE have been considerably reduced in TWD45. ASW45 also has reduced separation zones compared to STR45, due to the moderate adverse pressure gradients.
The chordwise more uniform blade load distribution for TWD45 appears to attenuate the cross-passage secondary flow transporting high-loss fluid toward the SS. This is suggested by Fig. 6 , in which the limiting streamlines make a reduced angle with the suction surface in the twisted blading.
For STR27 and the low-incidence end of TWD -for which negative and positive dihedrals are present near the LE and TE, respectively -, one may expect just the opposite trends observed for STR45 and the high-incidence end of TWD (TWD45). However, the present CFD studies do not supply firm evidence for this, probably because of the weakness of the related effects due to the low incidence.
It must also be noted here that the literature does not provide a firm guideline in the judgement of twist effects near the endwalls. On the basis of [26] , it may be presumed that "localised blade twist" (increased stagger angle near the endwall) allows less flow through the near-endwall regime where increased loss can be generated, but causes non-uniform cascade outlet flow; and decreasing the stagger near the endwall may be beneficial from the aspect of a more uniform outlet flow. The latter consideration opposes the experiences by Wisler [27] that "end bend" with increased stagger near the end walls -as in the case of TWD at the low-incidence end -matches the blade inlet angle to the local flow direction in the endwall boundary layer, and accommodates the overturning near the endwall due to the secondary flows, leading to reduced endwall losses [28] . Further detailed studies are needed for a better understanding of the underlying physics of twist effects. 
Summary and conclusions
Computational investigation has been carried out on the effects of sweep and twist in stationary linear cascades of controlled diffusion profile. Circular arc sweep has been applied to the datum cascade of straight cylindrical blades, i.e. spanwise constant curvature was prescribed for the stacking line. Positive sweep was applied near the endwalls, and the sweep angle distribution was symmetrical to the midspan plane. The straight and the arc-swept blades were studied at low, near-design, and high incidences of the straight blading. Twisted versions of the straight and the arc-swept blades were studied for spanwise constant inlet flow angle, resulting in a near-design incidence at midspan as well as the formerly mentioned low and high incidences near the endwalls. Preliminary studies were published in [29] . The results are summarised as follows.
1 Due to circular arc sweep, general reduction of the blade lift was observed, except for high-incidence near-endwall regions where the introduction of positive sweep helped in the moderation of flow separation, thus liberating the blade to perform higher lift.
2 Circular arc sweep reduced the loss in the region of 10% to 90% span for all incidences, by means of the moderation of corner stall.
3 If a blade is twisted near the endwall in such a way that the stagger angle decreases toward the endwall, positive and negative local dihedrals develop near the leading and trailing edges, respectively. This was found beneficial compared to the untwisted blade at high incidence, by ensuring a chordwise more uniform blade load and reduced adverse pressure gradient. The result is a reduced corner stall zone. 
